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N6-methyladenosine (m6A) RNA methylation, the most commorform of mMRNA
modi cation and regulated by the m6A RNA methylation regultors (“writers,” “erasers,”
and “readers”), has been reported to be associated with the ppgression of the malignant
tumor. However, its role in glioblastoma (GBM) has been pobyr known. This study
aimed to identify the expression, potential functions, andrognostic values of m6A
RNA methylation regulators in GBM. Here, we revealed that ¢h13 central m6A RNA
methylation regulators were rmly related to the clinical md molecular phenotype of
GBM. Taking advantage of consensus cluster analysis, we obtned two categories of
GBM samples and found malignancy-related processes of m6A thylation regulators
and compounds that speci cally targeted the malignant proesses. Besides, we also
obtained a list of genes with poor prognosis in GBM. Finallyve derived a risk-gene
signature with three selected m6A RNA methylation regulate, which allowed us
to extend the in-depth study and dichotomized the OS of patiats with GBM into
high- and low-risk subgroups. Notably, this risk-gene sigature could be used as
independent prognostic markers and accurate clinicopathtmgical parameter predictors.
In conclusion, m6A RNA methylation regulators are a type ofital participant in the
malignant progression of GBM, with a critical potential inhie prognostic strati cation
and treatment strategies of GBM.

Keywords: glioblastoma, m6A RNA methylation, TCGA, methylatio n regulator, CGGA, prognostic signature

INTRODUCTION

Given the critical role of epigenetic regulation of DNA andtane (proteins) methylation in the
underlying biological processes of mammals, the methyladeadsiA) chemical modi cation of
RNA may also be used as an novel epigenetic marker of far-megiiological signi cancel 2).
N6-methyladenosine (m6A) is the most prevalent internalrof@l modi cation of mMRNAs in
higher eukaryotes, at a frequency of approximately threes gigg MRNA (3-5). The m6A marks
on MRNAs, similar to DNA and protein modi cation, are revergjband dynamically regulated
by methyltransferases (“writers”), binding proteins (“dess”), and demethylases (“erasers”). Six
proteins have been identi ed in the m6A “writers” complex, inding methyltransferase like 3
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(METTL3) (6), methyltransferase like 14 (METTL14){WT1-  (http://commonfund.nih.gov/GTEx/). We combined GTEXx
associated protein (WTAP)8f, RNA-binding motif protein and CGGA data, and then harmonized them using quantile
15/15B (RBM15/15B) 9), Vir like m6A methyltransferase normalization and svaseq-based batch e ect removad).(
associated VIRMA (also named as KIAA1429))( and zinc The clinicopathological parameters for the CGGA and TCGA
nger CCCH domain-containing protein 13 (ZC3H13)1(), datasets are summarizedTable S1
which can catalyze the formation of m6A. As a function to déeo ) .
m6A methylation and produce functional signals, the “reater Selection of m6A RNA Methylation
include YT521-B homology (YTH) domain-containing proteins Regulators
(YTHDC1, YTHDC2) (12, YTH N6-methyladenosine RNA- Thirteen widely recognized m6A RNA methylation regulators
binding proteins (YTHDF1, YTHDF2)13), and heterogeneous were retrieved from published literature. We then systenzly
nuclear ribonucleoprotein (HNRNP) protein families14). compared the correlation between the expression of these m6A
“Erasers” are capable of removing the methyl code from targgeNA methylation regulators and clinicopathological paramster
mMRNAs, including fat mass and obesity-associated protei®)FT in GBM patients.
(15, 16) and alkB homolog 5 (ALKBH5)1(7).

The vital functions of RNA modi cation in processes of Bioinformatic Analysis
life have caught people's eyes in recent years. Substanfia further explore the role of m6A RNA methylation regulators
progress in regulating RNA transcriptionl§ 19), the event in GBM patients, we clustered the GBM patients into two clusters
of processing 40, 21), splicing 6, 22, RNA stabilities 23 by using the R package ConsensusClusterPi@s Heatmaps
24), and translation 25 26) was witnessed in m6A post- were drawn based on the average linkage method and the Pearso
transcriptional modi cations. However, to date, the furmtis of ~ distance measurement method. Principal Component Analysis
the majority of RNA modi cations found in mRNAs need further (PCA) was carried out by an R package called PCA to observe
exploration. Notably, the functional roles of m6A methytatiin  the distribution of gene expression in two clusters. Di ereatti
tumorigenesis, tumor di erentiationZ7), proliferation 28), and  analyses for each gene in the pre-classi ed samples performed
invasion @7) remain elusive. using the limma package in B®). Fold change (FC¥ 2 and

GBM is the most common and devastating primary tumoradjustedp-value @-value)< 0.01 were set as the cuto values to
in the brain. Even the combined surgical resection, radiati screen for di erentially expressed genes (DEGs). Gene Ongolog
therapy, chemotherapy, and other therapies were broadly use@;O) functional analyses and Kyoto Encyclopedia of Genes and
the recurrence of the patients with GBM is inevitable. Besittee  Genomes (KEGG) pathway enrichment analyses were performed
median survival of GBM patients is15 months after a de nite to analyze the upregulated DEGs. The relationship between
diagnosis 29-31). The m6A RNA methylation regulators were DEGs gene expression levels and overall patient survival time
also reported to be associated with self-renewal, radisteesie, was illustrated by generating Kaplan-Meier plots. The correfati
and tumorigenesis of GBM stem cell32). However, there is was tested using a log-rank test. Gene Set Enrichment Asalysi
no comprehensive investigation of the expression of m6A RNAGSEA) was used to investigate the functions correlateth wit
methylation regulators in GBM. di erent clusters of GBM. INES} 1, adjustegph< 0.05, and FDR

In the current study, the 13 m6A RNA regulators, whichq< 0.25 were considered as statistically signi cant as desdrib
have been widely reported, were systematically analyzed usiim a previous study3?).
the GBM RNA sequencing data from The Cancer Genome Atlas
(TCGA) (n D 174) and Chinese Glioma Genome Atlas (CGGA)Construction of Protein-Protein
(n D 249) databases. Taking advantage of m6A RNA methylatiomteractions (PPI) Network
regulator-based consensus clustering analysis, we dératets PP| among selected genes was analyzed using the STRING
the malignant process and obtained a list of genes with poafatabased9) and reprocessing via Cytoscape softwa®.(For
prognosis in patients with GBM. Importantly, we further petter visualization, the color of the node in the PPI network
validated these genes in the CGGA database and identi e@las applied to re ect the logFC value, and the size of the node
potential drugs targeting the malignant process of GBM usiieg t was applied to indicate the number of source proteins with
Connectivity Map (CMap) §3). Besides, the risk-gene signature-the target protein. Molecular COmplex Detection (MCODE)
derived from m6A RNA methylation regulators might be used agversion 1.4.3), which is clustered based on given network
a novel biomarker that could identify GBM patients' prognosistopology, was used to discover densely connected regions, The

and predict the clinicopathological parameters of GBM. the most signi cant module was Itered out by MCODE from the
PPI networks. The criteria for selection were as follows:QDE
MATERIALS AND METHODS scores> 5, degree cut-o D 2, node score cut-oD 0.2, Max

depthD 100, andk-scoreD 2.
Data Acquisition
The RNA-seq transcriptome data and correspondingConstruction of Gene-Signature
clinicopathological parameters of GBM patients were obtainetUnivariate Cox regression analysis of the expression of 13 m6A
from the TCGA database (http://cancergenome.nih.gov/) andRNA methylation regulators was conducted to determine the
the CGGA database (http://www.cgga.org.cn). The RNA-segandidate genes associated with overall survival (OS3r Afat,
transcriptome data of healthy human tissue was obtainedn L1-penalized (LASSO) was performed to further identify
from the Genotype-Tissue Expression (GTEx) databasthe selected genes with independent prognostic vaiie41).
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Finally, their regression coe cients were determined byeth result strongly indicates that the expression of the majorit
minimum criteria. The risk score for the signature was cidted of m6A RNA methylation regulators was associated with the

accurately by the formula: occurrence of GBM Kigure 1A). Importantly, the signi cant
X correlation between the occurrence of GBM and the expression
Risk scord | Coe xi levels of ALKBH5, METTL3, KIAA1429, HNRNPC, WATP,
iD1 ’

YTHDC2, YTHDF1, YTHDF2, and FTO were conrmed by
where Coe is the regression coe cient and xi is the expressio the quantitative analysis of CGGAigure 18). Compared with
9 P the healthy samples, the expression of METTL3, HNRNPC,

of each selected gene. GBM patients were divided into oWz, -5 1Ap1429, YTHDF2, and YTHDF1 was upregulated,
and high-risk subgroups according to the median risk score

- while the expression of ALKBH5, YTHDC2, and FTO was
Kaplan—Meier plot was performed to compare the OS bewVeeaownregulated in the GBM sampleBigures 1C,D. Correlation
two risk subgroups. e

analysis was also employed to investigate the relationship
Identi cation of Potential Compounds between the expression Ievell of m6A RNA methylation regulators
. . and the di erent stages (primary tumor stage and recurrent
Targeting the Malignancy-Related tumor stage) of GBM. Among the 13 m6A RNA methylation
Pathways regulators, only HNRNPC was signicantly related to the
CMap (updated in September 2017) (https://clue.iof), as theancer recurrenceF{gure 1. Considering the dramatically
worlds largest perturbation-driven gene expression dataseimbalanced numbers of primary GBM([D 156) and recurrent
was employed to search for candidate chemical compoundsBM (n D 13) in the TCGA database, the results of TCGA
that might target GBM stemness related pathwa§8).(The database analysis were not necessarily as accurate as those o
compounds were discovered by interrogating the CMap da@bas . GGA, while the numbers of primary GBMn(D 140) and
of signatures with a query (a list of DEGs relevant torecurrent GBM ( D 109) were relatively balanced. Therefore,
biological features of interest). The nal results invah&@CMap  we analyzed the expression pro le of the primary and recurrent
connectivity score (from 1 to 1) that indicated the degree of GBM samples from the CGGA database and found that
speci city associated with our particular query. 300 DEGS)(15 HNRNPC exhibited no correlation. Interestingly, as shown in
downregulated and 150 upregulated) were selected for quepigure 1F, the expression of WTAP, ALKBH5, and METTL14
methodology. Noteworthily, the closer the connectivityoe  was signi cantly associated with the recurrence of GBM. Ehes
of a compound was to 1, the more likely it was to reverse results suggested that WTAP, ALKBH5, and METTL14 were
the genetic pattern we are querying. Finally, the compoundsmly related to the recurrence process of GBIFigures 1G,H.
with the absolute value of CMap connectivity score of 90 oiwe further explored the relationship between the expression
higher were considered to be potential therapeutic agents faf m6A RNA methylation regulators and GBM molecular

functional validation. subtypes. Notably, every expression of the majority of m6A
o ) RNA methylation regulators was associated with the subtype
Statistical Analysis of GBM, except YTDHF2 and HNRNPCFigure S1A. We

Chi-square tests were used to compare the expression leveliso investigated the relationship between IDH status, IBHE

in GBM for age, gender, healthy samples, primary GBM andtatus, and expression levels of each m6A RNA methylation
recurrence GBM, isocitrate dehydrogenase (IDH) status, angégulator in GBM. The results revealed that the expression
cytosine-phosphate-guanine island methylator phenotype (Gevels of METTL14, KIAA1429, YTHDC1, ZC3H13, and FTO
CIMP) status. One-way ANOVA was used to compare theyere signi cantly dysregulated between di erent IDH statins
distribution of the subtype of GBM (Classical, Mesenchymalhe TCGA dataset Rigure S1B. As for the G-CIMP status,
Neural, Proneural) 42). To evaluate the prediction accuracy the expression of RBM15, YTHDF2, KIAA1429, and YTHDC1
of the risk score model, we performed a receiver operatingxhibited a signi cant di erence between G-CIMP and G-
characteristic (ROC) curve and calculated the area under thelMP- (Figure S1Q. We speculate that the change in the
curve (AUC). Potential prognostic factors such as agé§vs>  correlation of m6A RNA methylation regulators may be an
65), gender (female vs. male), GBM subtype, and risk scae (lo internal characteristic that can re ect the external di emees.
risk vs. high-risk) were analyzed by Univariate and multigg&  From Figures 11,J dierent degrees of the relationship were

Cox hazard regression. observed between di erent m6A RNA methylation regulators.
Most of the relationships between the regulators were positive
RESULTS correlations, especially YTHDC1, which contained the most

. active correlation with other regulatorgigures 11,J.
Expression Patterns of m6A RNA

Methylation Regulators in GBM N
According to the essential biological functions of mettigia Ident Catlon_ of T_WO C|USte_rS_ of GBM

regulators in the development of GBM, we rst analyzed thes@mples With Different Clinical

relationship between each m6A RNA methylation regulatofCharacteristics

and the clinical molecular phenotype of GBM. The expressioMNext, GBM samples with complete clinical parameters were
level of individual m6A RNA methylation regulator and selected for the subsequent consensus clustering analgis. F
di erent types of samples was presented as a heatmap. Thiee view of the number of samples per group, an unbalanced
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FIGURE 1 | Heatmaps of the expression levels of the m6A RNAVmethylatiaregulators (primary tumor sample vs. recurrent tumor sanip) from TCGA database(E)
and CGGA database(F). (G,H) Violin diagrams corresponding to(E,F). (1,J) Spearman correlation analysis of the 13 m6A regulators frofthe TCGA database(l) and
CGGA database(J). *P < 0.05; **P < 0.01; and ***P < 0.001; N, normal sample; T, tumor sample; P, primary tumor; Rrecurrence tumor.

distribution was observed in the three groups whkenD 3  and Fc gamma R-mediated phagocytosis pathvwaguie 30).
(Figure S2A. Hence, based on the expression similarity of the-urthermore, GSEA suggested that the malignant hallmafks o
13 regulatorsk D 2 was the most optimum with clustering tumors, including KRAS signaling (NES 1.59, normalized®
stability datasets increasing froknD 2—-10 Figures 2A—Cand D 0.013), in ammatory response (NES 1.68, normalized®
Figure S3. Then, GBM samples from the TCGA dataset weredD 0.052), myogenesis (NHS 2.02, normalized® < 0.001),
pre-classi ed into two groups (52 samples in one group labeted aand 1L-6/JAK/ STAT3 signaling (NE® 2.0, normalizedP <
RM1 and 106 samples in another group labeled as RM2) through001), were signi cantly associated with the RM2 subgroup
consensus cluster analysis. The clinical features of tagtaups  (Figures 3D—Q. All these results proved that the two categories
are summarized inTable S2 The heatmap of cluster analysis derived from consensus clustering analysis were closelfectio
showed that the 13 regulators could distinguish di erent gé@s, the malignancy of GBM.

and the samples in the same cluster possessed a high comelatio

(Figure 20). Principal component analysis was performed toNovel Candidate Compounds Targeting the
elucidate the di erence in transcriptional pro les betweeneth Malignancy_Related Pathways and

RM1 and RM2 subgroups. The results investigated that therBioIogicaI Functions in GBM

was a clear distinction between these two subgroBifaie 2D). eyt we sought to determine the potential compounds that

The survival curve according to Kaplan—Meier survival analYSitarget malignancy-related pathways and biological fumtjo

for the clustered samples revealed a npt|ceable decreabe in bEGs based on consensus clustering were submitted to retriev
OS in the RM2 subgroup compared with the RM1 subgroupy,e cpap databasessd). The top 89 compounds capable of
suggesting that the 13 methylation regulators could dashe o 0ssing the above gene expression of GBM were summarized
GBM samplgs In F’“’Q”OS“C levetigure 25). We further found _in Table S4and Figure 4. One hundred seventy mechanisms
that the median survival of the RM_l_ group was _1'4 years, V}'h"ﬁ/ere revealed through the CMap mode of action (MoA) analysis.
the RM2 was only 1 year. In addition, the clinicopathologicals;, ¢ompounds (Tandutinib, ENMD-2076, dasatinib, dovitinib
features of these two subgroups were compared. Thg R'\/Elrantinib, tyrphostin-AG-1295) shared the MoA of PDGFR
subgroup was markedly correlated with younger age at disigno tyrosine kinase receptor inhibitor, and ve compounds (ENMD-

(P < 0.05), Neural or proneural subtypeB & 0.001), and G- 5476 minefradil, NPI-2358, dovitinib, orantinib) shartag MoA
CIMP-status Eigure 2F). The RM2 subgroup mainly contained ¢, jingenesis inhibitor. We also found that tandutinib, ER-

GBM with older age at diagnosis,.classicgl or mesenchymgbml tivozanib, dasatinib, and dovitinib shared the MoA of
subtypes, and G-CIM® status. Consistent with the report that KIT inhibitor

classical and mesenchymal were more malignant compared to
neural and proneural4?). Identi cation and Analysis of m6A-Related

. . N Genes With Poor Prognosis in GBM
Functional Annotation of Classi cation To explore the signi cance of each upregulated gene for the

Determined by Consensus Clustering survival time of GBM patients from the TCGA database,

Analysis Kaplan-Meier survival curves were generated. Among the 599
The above results indicate that the consensus clusterisigitee  upregulated DEGs in the RM2 subgroup, a total of 79 DEGs
were closely related to the degree of malignancy of GBMTable S3 were able to predict the poor OS in the log-rank test
To better understand the mechanisms between the malignang? < 0.05, representative gures were showrfigure 5).

of GBM and the 13 m6A RNA methylation regulators, a To better understand the interactions between the 79 genes
total of 2,299 genes (599 genes were upregulated, and 1,7%0h prognostic value and the 13 m6A RNA methylation
genes were downregulated) were identi ed as DEGs by usinggulators, we also analyzed the PPI among them using the
di erential analysis Figure 3A). To summarize the potential STRING database. The network consists of four modules with
function of DEGs, we performed an annotation of the 599a total of 88 nodes and 527 edges, which indicates that close
signi cantly upregulated genes (onco roligble S3 in the RM2  interaction exists in this PPl networkF{gure 6A). Among
subgroup through GO function analysis and KEGG pathwayhe 88 nodes, 54 central node genes (boldTable S§ were
analysis. The top 10 GO terms indicated that upregulatedelected with the Itering of degree 10. The most signi cant
genes were enriched in malignancy-related processesdinglu 10 node degree genes were ITGAM, STAT3, SPI1, TNFRSF1B,
neutrophil-mediated immunity, cell proliferation, cell jetion, MYO1F, SLC11A1, TCIRG1, RAP2B, FERMT3, and LCP1. The
phagocytosis, and cell-substrate adhesibigre 3B. KEGG top two signi cant modules were selected by using the MCODE
pathway analysis top 10 terms testi ed that upregulated genespplication for further analysis. To make the description more
were related to the regulation of actin cytoskeleton pathwayconvenient, we named these modules “ITGAM module” and
focal adhesion pathway, proteoglycans in cancer pathwayRAP2B module,” respectively. Twenty-eight nodes and 165
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FIGURE 3 | Interaction among m6A RNA methylation regulators and funathal annotation of GBM in RM1/2 subgroups.(A) Volcano plot of identi ed DEGs. The red
dots represent upregulated DEGs, and the green dots represe& downregulated DEGs.(B,C) Functional annotation of the upregulated DEGs in the RM2 sigvoup of

GO analysis(B) and KEGG pathway analysigC). (D—G) GSEA revealed that genes with higher expression in the RM2 bgroup were enriched for hallmarks of
malignant tumors.

edges were involved in ITGAM modules, with STAT3, SPlland angiogenesis in malignant gliomasl(. STAT3 methylation
TNFRSF1B, SLC11A1, and FERMT3 being the remarkabléa STAT3 signaling could also promote tumorigenicity of GBM
nodes, as they had the most connections with other nodestem-like cells44). The above results clearly demonstrate that
in this module Eigure 6B). In the RAP2B module, 8 edges m6A regulators participate in the critical malignant related
involving 6 nodes were formed in this networlFigure 6C).  biological regulatory network.

In addition, we predicted the function of the ITGAM module To nd out whether the 79 OS-related DEGs found in the
through GO analysis. It was related to the biological processCGA database were meaningful in the additional database,
of mMRNA splicing via spliceosome, mRNA methylation, andwe further analyzed the expression pro les of 249 GBM cases
oxidative single-stranded RNA demethylation. For instancefrom the CGGA database. Importantly, a total of 64 genes were
ITGAM was reported to play a critical role in invasive growth validated to be signi cantly related to the poor prognosis, of
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and clinical features—a heatmap was designed and showed
calcium channel blocker __ the expression of the three selected m6A RNA methylation
c VEGFR inhibitor _jr— regulators Figure 7D). Signi cant di erences were observed in
'%serotonin receptor antagonist  f=————— this heatmap between the high- and low-risk subgroups with
< HDAC inhibitor respect to IDH1 statusR < 0.001), ageR < 0.001), molecular
‘S FLT3 inhibitor subtypes P < 0.001), and RM1/2 subgroup® & 0.001). To
P o evaluate the predictive accuracy of the risk score model, we
3 ApOpfasis sfimulant performed the ROC curve and calculated the AUC. The AUC
£ tubulin inhibitor was 0.701 in the 2-year ROC curve for the prognostic model
o KIT inhibitor (Figure 7B. For molecular phenotypes, such as IDH1 and G-
g angiogenesis inhibitor CIMP status, the risk model also performed relatively well, with
(&) PDGFR tyrosine kinase AUC was 0.821 and 0.733, respectivéliggres 7F,G. A similar
receptor inhibitor 1 trend was observed in subgroup analyses for mesenchymal
8 and proneural, with AUCs of 0.703 and 0.764, respectively
Number (Figures 7H,I). Moreover, the predicting power of the risk score
model was signi cantly increased in RM1/2 subgroup analysis,
FIGURE 4 | Histogram showing the number of compounds in the top 10 MoA, with an AUC of 0.887 FFigure 7J. Notably, patients in the high-
sorted by descending number of compounds with a shared MoA. risk group exhibited signi cantly shorter survival timeah those

in the low-risk group P < 0.05) Figure 7H). Consistent with
these ndings, the patients with a high-risk score were alsoenor

which 37 genes (bold iffable S3 were of particular interest, as sensitive to temozolomide chemotherapy, radiation therapyg, a

they have not been previously reported for their prognostiagal chémoradiation than low-risk score patientgure S4.
in GBM patients Eigure S3. We further performed univariate and multivariate Cox

proportional hazard regression analyses for the TCGA dataset
Prognostic Value of m6A RNA Methylation to determine whether the rjsk signature was an independent
prognostic factor. By univariate Cox analysis, age (BIR.033,
Regulators S _ P < 0.001) and risk score (HR 11.899P < 0.001) were all
For the purpose of investigating the prognostic value of m6A., related with the 0S, while GBM subtype and gender were
RNA methylation regulators, univariate Cox regression asialy ot (Figure 7L). A similar trend of risk score was also observed
was performed on the expression prole data. Based on th@hen including these factors in the multivariate Cox proportl
information contained in these results, 4 of 13 genes ewbi 15,4, regressionF{gure 7M). The results demonstrated that
a signi cant correlation with the prognosis. Among these fou 46 and risk score were independent prognostic factors in the
selected genes, HNRNPC, ALKBHS, and ZC3H13 were riskfca GBM dataset. According to our results, the independent
genes, with HR> 1, while FTO was a protective gene, with HR 5o ostic value and excellent prediction accuracy of the gene

< 1(Figure 7A). _ _ signature derived from the 13 m6A RNA methylation regulators
Robust likelihood-based survival modeling and LASSQyere identi ed.

regression are widely used to screen prognostic genes in the

context of high dimensional data and were therefore applied

in our study. Compared with a single biomarker, integratingLow Expression in Normal Brain Tissues of
multiple biomarkers into one risk model could present a bette\|ETTL3 and METTL14

prediction performance of the model. To remove the predictiongsed on our results and the evidence in literature, METTL3
errors ar_1d maintain the stability of the predictive prognosis ;4 overexpressed speci cally in GBM and was signi cantly
we speci cally selected three gen@s<( 0.05 and HR> 1) 10 r¢jated to the occurrence of GBM%-47). To comprehensively

develop the gene signature. Afterward, the above-sel@e®es njerstand the function of METTL3, we retrieved the expressio
with independent prognostic value, including NRNPC, ALKBHS, 6, 6|s of healthy tissue and tumor tissue in di erent partsnfro

and ZC3H13, were screened as the candidate genes using LASRO GTEx and GEPIA database$), respectively. We found
regression. The regression coe cients based on the miniMuMy ¢ the expression values of METTL3 in the brain were lower
criteria were used to assess the risk score for the GBM pafientan other tissues in the organisnFigure 8A). Notably, the
and the coe cients of selected gene signatures we@e014623, gy ression level of METTL3 in most tumors was smaller than the
0.017905, and 0.08661, respectivelffigures 7B,G. corresponding healthy tissue, except for GEfitjure 8B). These

. results indicated that high expression of METTL3 might act as
Gene-Signature Showed Strong a driver of GBM and play a crucial role in GBM. Considering
Associations With Clinical Features in GBM that METTL3 and METTL14 are both the most common and
To investigate the prognostic value of the risk gene sigmaitur abundant mRNA modi cations in eukaryotes, we also searched
the TCGA database, GBM patients were dichotomized into lowthe expression pro les of METTL14 and found the same trend
and high-risk subgroups, based on the median risk score. We ne(Figure S5. The above results provided evidence for METTL3
sought to detect the correlation between the two risk subgeo  and METTL14 as proto-oncogenes of GBM.
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FIGURE 5 | Correlation of expression of individual DEGs of OS in TCGAakKlan-Meier survival curves were generated for representeDEGs extracted from the
comparison of groups of high (red line) and low (blue line) ge expression.(A-L) Representative Kaplan—Meier survival curves for selectddEGs.p < 0.05 in
Log-rank test. OS, overall survival in years.

FIGURE 6 | The integral and top-two networks of ITGAM and RAP2B modulesThe color of a node in the PPl network re ects the type of interetion genes. (m6A
RNA methylation regulators labeled as blue diamond, OS-rled genes labeled as red circle). The size of the node inditas the number of interacting proteins with
the designated protein.(A—C) The integral(A) and top-two PPI networks of ITGAM(B), RAP2B (C) modules.

DISCUSSION of GBM. Furthermore, the expression of m6A RNA methylation
regulators was also associated with the GBM subtype, G-CIMP
In the current study, we systematically analyzed the exessi status, and IDH status. Besides, GBM samples were classi ed
of m6A RNA regulators with dierent clinicopathological into two subgroups, RM1/2, through consensus cluster analysis
parameters and revealed the potential values. In particular, thased on the expression of the 13 regulators. The RM1/2
comparing the expression of 13 regulators in a large numbesubgroup not only a ected OS and clinical characteristics, bu
of healthy tissues and primary and recurrent tumor tissues, walso closely related to malignancy-related processes,dwslisig
found that they were related to the occurrence and recureencpathways, and GBM hallmarks. Taking advantage of CMap, we

Frontiers in Oncology | www.frontiersin.org 9 March 2020 | Volume 10 | Article 208


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Du et al.

m6A Methylation Regulators in Glioblastoma

p-value Hazard ratio oo
HNRNPC ~ 0.012 1.047(0.977-1.113) e ° M
ALKBH5 0.044 1.017(0.997-1.037) - gg 4 o
ZC3H13 0488 1.047(0.882-1.196) _— k] BN
FTO 0.049 0.957(0.882-1.039) - &,
YTHDC1 0306 0.965(0.900-1.034) - 3% sttt | 25 /
KIAA1429  0.376 0.935(0.806-1.085) —_— 8 13 .g ' 4
YTHDF1  0.412 1.011(0.985-1.038) - =3 | 7 € /
RBM15 0.486 0.904(0.681-1.200) —————— EN gg 4 /
YTHDC2  0.608 0.944(0.758-1.176) _— = S
METTL3 0.669 0.986(0.923-1.052) — -g LB e
YTHDF2 0.736 1.008(0.965-1.052) - & ¢
METTL14 0.789 0.967(0.754-1.239) _— 2 |
WTAP 0.907 1.001(0.984-1.018) L] # g | —
Hazard ratio N M ] M M M 5 M
log(Lambda) log(Lambda)
D T Risk Risk
1 I 111 1 1 | IDH1 Status ** 4 high
HIEENImIE (WiEEEn riskScore *** low
Cluster *** 2
OEC ONIIN TEIOWIT BT T 00 I O |0 7 0 B W T GeneExp_Subtype™* IDH1 Status ***
NN BN NI I (I NN BN [N NI gender 1
— age ke 0
i W W SO e VR TR G NN ¥ fustat
| 2o
| -4 riskScore ***
| 0.8
| HNRNPC
|
|
| 02
. Cluster ***
RM1
RM2
GeneExp_Subtype***
ALKBES) Classical
Mesenchymal
Neural
Proneural
gender
FEMALE
MALE
ZC3H13 age **
<=65
>65
fustat
E F , G ,
2{ROC=0.701 ROC=0.821 “TROC=0.73 ROC=0.703
-« 08 08 08
o .
o
8 s 8
g g' g o § 06 é 06
i, g z g
o 2o (4
é E 4 E 04 E 04
S 02 02 02
g {/ 2-year survival rate| IDH Status G-CIMP Status Mesenchymal
0.0 02 04 06 08 10 . 0.0 D'Z 04 06 08 10 0.0 02 04 06 08 10 00 02 04 UIS 08 10
False posilve rate False positive rate False positive rate False positive rate
I J K
10 14 3 —— high risk
ROC=0.764 ROC=0, low risk
08 08 g |
A gos 3 ° p-value =0.016
g § I
2 o4 2 04 @ ©°
= 2
N
02 02 o 7
Proneural RM1/2 Group E
00 02 04 06 08 10 %0 02 o4 08 o8 10 ! T 1 1 L
False positive rate False positive rate 0 1 Time (;ar) 4
L M p-value Hazard ratio
p-value Hazard ratio
Age <0.001  1.033(1.016-1.050) M Age <0.001 1.035(1.017-1.053) M
Gender 0.490  1.146(0.778-1.687) M- Gender 0.544  1.128(0.764-1.668) -W-
Subtype 0.594  0.956(0.808-1.129) M Subtype 0.173  1.134(0.946-1.358) m
Risk Score <0.001 11.899(3.556-39.814) _— Risk Score <0.001 13.795(3.891-48.912) —a—
“Wazard ratio " “Hazard ratio
FIGURE 7 | Gene signature with m6A RNA methylation regulator§{A—C) The process of building the signature containing three m6A RA methylation regulators. The
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(Continued)
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FIGURE 7 | regression using LASSQ(B) are exhibited.(D) The heatmap shows the expression levels of the three m6A RNA ethylation regulators in low- and
high-risk subgroups. The distribution of clinicopathologral features was compared between the low- and high-risk grups. ***P < 0.001. (E-J) ROC curves show the
predictive ef ciency of the risk signature on the 2-year surival rate(E), IDH status(F), G-CIMP status(G), mesenchymal subtype(H), proneural subtype(l), and RM1/2
subgroups (J). (K) Kaplan—Meier survival curves for patients in the TCGA datasassigned to high- and low-risk groups based on the risk scee. (L,M) Univariate(L)
and multivariate Cox regression analyseéM) of the association between clinicopathological factorsfcluding the risk score) and OS of patients in the TCGA.

FIGURE 8 | Expression of METTL3 in normal and GBM tissuegA) The expression values of METTL3 of the different tissues ihe organism.(B) The expression

values of METTLS3 in different tumors and corresponding norat tissues.
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also identi ed potential compounds targeting RNA methylation belongs to the AIkB family of non-heme Fe(ll)/a-ketogliate-
regulators in GBM. In addition, we obtained 79 genes withdependent dioxygenases, and the activity is iron-dependeft (
poor prognosis based on the RM1/2 subgroup by Kaplan-Given our results, we further speculate that iron metabolism is
Meier analysis. Importantly, 64 genes with poor prognosis wergvolved in GBM recurrence5g, 57). However, this hypothesis
validated in CGGA, a separate GBM database. Finally, weadkrivneeds to be more tested. Nevertheless, a tendency toward a
a prognostic gene signature, which dichotomized the OS of GBNbwer expression of FTO was observed in GBM compared with
patients into low- and high-risk subgroups and allowed us tonormal tissues. Unlike ALKBH5, FTO was found to mediate
extend the analysis. This risk gene-signature could be aseth the demethylation of m6Am instead of m6A preferentially.
independent prognostic marker and accurate clinicopathaagi It seems that FTO and ALKBH5 mediate the demethylation
parameters predictor. of di erent methylation targets in GBM, which is worthy of
Glioma was divided into GBM and low-grade glioma (LGG).future research. Based on this di erence in demethylatiogéds
GBM, as the most destructive glioma (WHO: 1V), possesseand tendencies, we speculate that ALKBH5 and FTO have
signi cantly di erent genomics, treatment methods, cliic di erent functions and mechanisms in GBM and are worthy of
manifestations, characteristics, and prognosis from LGGIQV  further study.
I-Ill) (49-52). Prior to this, the value of m6A methylation Nearly all IDH-mutant GBMs harbored G-CIMP and patients
regulators in gliomas has been exploref3d)( Considering carrying G-CIMP (G-CIMKC) have been con rmed to confer
the comprehensive dierences between LGG and GBM, wa better clinical outcome than those not carrying (G-CIMP-)
believed that this analysis was not su ciently detailed and(58). Collectively, we conclude that the expression of m6A RNA
speci c. Therefore, we speci cally analyzed the speci c valuenethylation regulators is closely associated with the oetece,
of these regulators in GBM. Similarly, we have all identi edrecurrence, IDH status, G-CIMP status, and molecular subtype
di erent hallmarks and pathways associated with malignancyof GBM. Moreover, these ndings of the expression of each
In particular, we further analyzed and obtained regulatelated individual m6A methylation regulator can contribute to the
speci c targeted drugs and genes with poor prognosis, of whichevelopment of new cancer therapies, as chemotherapy taggetin
37 genes have not been previously reported at the prognostm6A methylation is now at the forefront of cancer therapy.
level. Especially, the PPI network between regulators datkic We demonstrated that m6A RNA methylation regulators
genes was explored. Furthermore, we derived a prediction mod&ere also related to the biological processes, cellular cormpone
that can predict the speci c clinical characteristics and ewllar and signaling pathways of GBM malignant progression.
phenotypes of GBM. Finally, we also provided evidence for thRNA m6A methylation is a nascent eld as of yet, the
large transcriptome levels of METTL3 and METTL14 as cancesigni cance of the above epigenetics marker in human
driver genes. cancer is just beginning to be appreciated. Although the
Among the m6A RNA methylation regulators, METTL3 m6A modi cation showed tissue-specic regulation and
or METTL14 is one of the most common and abundantincreased signicantly throughout the brain development
mRNA modi cations in eukaryotes. It has been reportedprocess §), studies §9, 60) on the role of m6A modi cation
that METTL3 or METTL14 inhibits the growth and self- in either brain lesions or brain cancers have only been reggbrt
renewal of the GBM stem cells8?). ALKBH5 was reported sporadically §1, 62). Several biological processes and signaling
to maintain tumorigenicity of GBM stem cells by sustainingpathways have already been identi ed: tumor stem-like cell
FOXM1 expression and cell proliferation progranb4), regulation, including maintenance, radio-resistance, and
suggesting a crucial tumorigenic role. Most recently, it hasumorigenesis; post-transcriptional modi cation, inclutdj
been reported that FTO plays a carcinogenic role through then RNA transcript, RNA processing, RNA processing, RNA
FTO/m6A/MYC/CEBPA signaling pathway in IDH mutant degradation, and RNA translation; FTO/m6A/MYC/CEBPA
cancers, such as glioma and leukeniig £5). The di erences of signaling pathways 10); JAK1/STATS5/C/EBPb pathways
involved genes among di erent tumor types give us a clue tha{63); and the IL-7/STAT5/SOCS pathway84). This report
altered the expression of key genes, which are sensitiveeto tprovided the potential biological process and pathway
function of m6A methylation regulators, can cause signnta between RNA m6A methylation and GBM-malignant
phenotype changes. progression, which represent a signicant step toward
In this section, we rounded analyzed the expression of aleveloping therapeutic strategies to treat GBM by targeting
m6A RNA methylation regulators in GBM at the occurrencem6A modi cation.
and recurrence stages. Unlike our study, a previous trial gilow  CMap can identify biomarkers for predicting speci ¢ drug
that ALKBH5 was an oncogene to maintain tumorigenicity,reactions, mechanisms of treatment, and ways to overcoera th
while our study showed a signicantly decreased trend in(65-67). CMap analysis, which is based on a limited number of
the GBM group compared with normal. However, unlike thetreated cell lines, accurately identi ed a number of compdsin
previous trial, our study included a large number of clinicalthat have been shown to have an e ect on m6A of other
samples and was validated in two databases. This di erence tomor types with specicity 83 68-70). METTL3 has been
the number of samples may account for the di erent resultsreported to promote gastric cancer angiogenesis by secreting
Interestingly, the upward trend in ALKBH5 was signi cantly HDGF (71). This result veri ed the accuracy of our CMap-based
associated with tumor recurrence when we compared primargrug prediction from the side. Based on these results, henee, w
and recurrent tumors. Its worth mentioning that ALKBH5 speculated that PDGFR tyrosine kinase receptor inhibitor, KIT
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inhibitor, and tubulin inhibitor could all be used as poteati

agents that speci cally target m6A-related biological fuoes  potential functions, and prognostic values of m6A RNA

and pathways for subsequent research. methylation regulators in GBM. Our study provides stratedigs
METTL3, served as a methyltransferase, has been reportedmprehensive analysis of cancer genomics based on consensus

to be essential for glioma stem-like cell maintenance amlibra  clustering analysis for systematic identi cation of speanSA-

resistance45). Our ndings further con rm that METTL3 was related targets and speci c targeted drugs based on m6A RNA

a potential therapeutic target, and future research is exgetcte methylation regulators. The prognostic gene signature and

focus on studies that speci cally target METTLS3. Since thelsma genes with poor prognosis might contribute to the personalized

molecule inhibitors of METTL3 have not yet been inventedprediction of GBM prognosis and serve as a potential biomarker

future research should focus on this ar&a)( re ecting GBM patients' response to therapies that speci cally
This study identied and validated that 64 genes weretarget m6A. Finally, further investigation of these genes

associated with poor outcomes in GBM patients. Moreover, weould lead to novel insights into the potential association

were able to construct four PPl modules, all of which wereof m6A methylation regulators with GBM prognosis in a

related to critical GBM biological processes. Highly retdéva comprehensive manner.

nodes in the modules, including STAT3, SLC11A1, and ITGAM,

have been reported to promote tumor proliferation, angiogésnes DATA AVAILABILITY STATEMENT

migration, and invasiveness/&77). Among the 64 genes

validated, 27 (such as ALOX5, CAST, HS6ST1, ITGAM, PTPN®&ublicly available datasets were analyzed in this study déiia

SLC11A1, and SLC12A7) have been reported to be involvéd@n be found here: https://portal.gdc.cancer.gov; http:tww
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